In a homogeneous aquatic environment, clonal diversity in cyclical parthenogens should decrease with time while the population is active in the water column due to directional clonal selection. On the contrary, if planktonic populations experience a heterogeneous environment the loss of clonal diversity with time could be neutralised. We tested the importance of these contrasting processes using ten rotifer populations belonging to four species from the Brachionus plicatilis species complex from four different ponds, and differing in their duration of the planktonic phase. Genotypic diversity and heterozygosity estimates were obtained using allozyme data. We found a negative correlation between genotypic diversity and the duration of the planktonic phase, indicating that our populations experience a homogeneous environment, and that directional clonal selection shapes the genetic structure of rotifer populations and has long-term consequences when this effect is repeated for several years. However, diversity fluctuations observed within a season suggests that the duration of the planktonic phase by itself is insufficient to explain the temporal dynamics of genetic diversity in cyclical parthenogenetic rotifers, and that there may be other factors acting on the genotypic diversity levels at a short-time scale.
Introduction
A central problem in evolutionary biology is to determine what factors maintain genetic diversity in populations (Hedrick 1985) , as random processes and directional selection are expected to erode that diversity. Insights into this problem can be gained by studying populations with episodic sex, such as cyclical parthenogens. In cyclical parthenogens (including aphids, cladocerans and monogonont rotifers; De Meester et al. 2004 ) clonal propagation and sexual phases can be separated in time, facilitating the interpretation of changes in their genetic diversity. The level of genetic diversity in cyclical parthenogens is affected by a number of historical and ongoing, neutral and selective factors (founder effects, input from sexual propagules, genetic drift, clonal selection, environmental heterogeneity; De Meester 1996, De Meester et al. 2002 Meester et al. , 2004 Meester et al. , 2006 . Seasonal populations of cyclical parthenogenetic zooplankton typically reproduce asexually during the part of the year they are active in the water column while they remain in sexually-produced diapausing stages when the habitat becomes unsuitable. The period in which the planktonic, parthenogenetically reproducing population is present continuously in the water-column (hereafter duration of the planktonic phase, DPP) determines the number of parthenogenetic generations between sexual phases and is expected to have a major effect on the genetic structure (King & Schonfeld 2001 , De Meester et al. 2006 ). Due to short generation times and high rates of increase, very high rates of population turnover may occur during the parthenogenetic phase. Because the genome is inherited as a whole during this phase (Bell 1982) , natural selection acts on whole clones and is thus expected to be particularly efficient at eroding expressed genetic diversity (Pfrender & Lynch 2000) . During a period of clonal selection, expressed genetic variation is expected to decrease. However, the population can still hold hidden genetic variation, which will be expressed in the population through sexual reproduction and recombination in the following sexual phase (Lynch & Gabriel 1983 , Deng & Lynch 1996 . The impact of clonal selection is expected to be directly related to the number of parthenogenetic generations. A short parthenogenetic phase (i. e., short DPP) limits the time available for selection to erode clonal diversity (De Meester 1996 , De Meester et al. 2006 . Contrarily, a prolonged period of parthenogenetic growth (i. e., long DPP) may increase the possibilities of selection to efficiently eliminate most of the clonal diversity before the occurrence of sexual reproduction (Lynch 1984 , Lynch et al. 1989 , Spitze 1993 .
The effect of DPP on the population genetic diversity described above is expected to be stronger in a temporally-homogeneous selective environment. In contrast, under a seasonal or fluctuating selective regime, with biotic and abiotic factors changing the direction of selection, this effect may be neutralised (Sebens & Thorne 1985) . Seasonal environmental heterogeneity may switch the selective advantages of ecologically differing clones. Clonal diversity would be maintained when temporal changes prevent competitive exclusion from proceeding to its conclusion (Sebens & Thorne 1985 , Korpelainen 1986 , Carvalho 1994 . Under this scenario, the environmental range a population experiences should be positively correlated with DPP. Therefore, expectations are that a long DPP should allow the maintenance of clonal diversity through differential selection of seasonal genotypes.
We assessed the relative impact of both clonal selection and environmental heterogeneity by correlating DPP with clonal diversity in different rotifer populations. As rotifers have very short generation times (Serra et al. 2004) , the effects of selection should be noticed well under a year. We screened genetic diversity of four species belonging to the Brachionus plicatilis species complex (B. plicatilis sensu stricto, B. ibericus, and two not yet formally described species, provisionally named B. "Almenara" and B. "Tiscar") inhabiting four Mediterranean ponds (Ortells et al. 2000 , 2003 during an annual cycle. These four species live in comparable habitats and are biologically similar. In order to compare between species, clonal diversity levels were averaged over temporal samples. In addition, the clonal diversity for each temporal sample (i. e, date × pond × species combination) was compared with expectations based on sexually reproducing populations in equilibrium (i. e. no clonal selection) to monitor the changes in clonal diversity dynamics for each population. If the selective environment experienced by a planktonic population is homogeneous, average clonal diversity would be negatively correlated with DPP, and time-specific clonal diversity would decline monotonously during the parthenogenetic phase of a population. If the dominant selective regime is associated to environmental fluctuations, then average clonal diversity across population would be positively correlated with DPP, and timespecific clonal diversity would fluctuate during the parthenogenetic phase of a population.
Material and methods
Four rotifer species belonging to the Brachionus plicatilis complex occurring along the Spanish Mediterranean coast were monitored during a 15 month period in four ponds (Table 1) . Poza Norte (TON) is a small and shallow artificially made drainage pond, normally isolated from other nearby ponds but occasionally in contact during severe flooding. It receives inflows from the water table and it regularly dries every summer, although we have no record of a complete dry up during our study. Salinity is relatively low despite its proximity to the sea, and it increases during the summer months. Almenara lagoon (ALM) is a pond with two basins which are normally isolated. The northern basin, used in our study, only dries completely during very severe droughts (not during our study), although generally, water level drastically drops down during the warmest months. Despite the fact that sea water seeps into the pond this is the pond with the lowest salinity in our study. Hondo Norte (HON) and Hondo Sur (HOS) are endorrheic ponds separated 1 Km from each other by a freshwater reservoir. These ponds typically have their lowest water level during the summer, which can be down 4.0 to 0.5 m although they can occasionally dry completely (but not in our study). During summer months, high temperatures and lack of water supply provokes a strong increase in their salinity. Normally, HON presents higher salinity values and higher oxygen concentration than HOS (Ortells et al. 2000) . Here, we refer to a population as all individuals belonging to one species that were present in the same pond (i. e., pond × species combination). This definition results in 10 populations, as not all of the four species were found in all ponds. The relative frequency of each species population in each pond and their density estimates are described in Ortells et al. (2003) . Those samples with low density ( < 1 individual per litre) and/or low number of genetically-analysed individuals ( < 10 per sample) were removed from the study (28 samples out of 90).
DPP for each population was defined as the number of months that a species was found established in the pond (i. e., at densities higher than 1 individual per litre). For those populations with several planktonic periods per year, we selected the longest planktonic period for the analysis. Although DPP may show interannual variability, we assumed that differences in DPP between ponds will be correlated and that a given duration in the same year might be indicative of the average DPP for each species, especially when we avoid the noise produced by ephemeral populations. Note that we make a distinction between "length of the growing season", as it is often used in cladoceran studies, and DPP. This is because in the case of rotifers the length of the growing season is not a straightforward term, as several parthenogenetic phases may appear in a single hydroperiod.
Monthly plankton samples were taken from March 1998 to June 1999 with a 45 µm mesh net. Temperature, salinity, dissolved oxygen concentration and pH were measured at each sampling event.
In order to obtain enough biomass for genetic screening, individual rotifers were isolated and cultured in glass tubes with the alga Tetraselmis suecica (for culture methods, see Gómez 1998), allowing clonal propagation to take place. During culturing only a very low number of clones were lost independent on the species or the pond, allowing for a confident estimation of clonal diversity. Allozyme electrophoresis was performed on each clone using cellulose acetate plates following Hebert & Beaton (1989) for four polymorphic enzyme systems: PGI (Phosphoglucose Isomerase, Enzyme Commission number: 5.3.1.9), PGM (Phosphoglucomutase, E. C.: 2.7.5.1), MDH (Malate Dehydrogenase, E. C.: 1.1.1.37) and GOT (Glutamate Oxaloacetate Transaminase, E. C.: 2.6.1.2). Additionally, the diagnostic locus 6PGDH (6-Phosphogluconate Dehydrogenase, E. C.: 1.1.1.44) was typed on each individual for the genetic identification of the species in the complex according to Ortells et al. (2003) .
Composite genotypes at the examined loci are referred to as multilocus genotypes (MLG) and were used to estimate clonal diversity. As the number of screened loci is low, this measure is most likely to underestimate genetic diversity. However, it gives an indication on the minimum number of clonal groups in a population. Moreover, genetic diversity based on MLG frequencies and actual clonal diversity are expected to be correlated. The frequencies of MLGs in each population were used to estimate population genetic diversity across the samples in a single DPP (average population genetic diversity), and also to monitor the time-course variation of the population genetic diversity (time-specific genetic diversity).
Allele frequencies were used to calculate mean number of alleles per locus, expected heterozygosity (He) under random mating according to the unbiased estimate of Nei (1978) and number of polymorphic loci under the 0.99 criterion using Biosys-1 (Swofford & Selander 1989) . Observed genotypic diversity was computed as Go = 1/Σ(p i 2 ) (Stoddard 1983) , where p i is the relative frequency of the i-th genotype from each sample (i. e., date × population combination). Then the average of genetic diversity from each population was computed across samples in the same DPP (Go mean ). The same procedure was repeated with He to obtain He mean .
If DPP is dependent on the species, then the relationship between Go mean and DPP may be a spurious one. We used ANCOVA in order to analyze the effect of "species" controlling for the effects of the duration of the planktonic period (DPP as a covariate) on the average genotypic diversity of each population (Go mean ).
We performed simple regression analysis to examine potential relationships between Go mean and He mean with DPP and between DPP and environmental heterogeneity. For the latter, environmental heterogeneity was estimated with the ranges of temperature, salinity, dissolved oxygen concentration and pH that each population experienced. All statistical analyses were performed with the statistical package STATIS-TICA v.6.0. (Statsoft, Inc. 2001) .
To analyse the dynamics of genetic diversity and the effects of clonal selection in the short term, we tested if the observed time-specific genotypic diversity (Go) departs from equilibrium expectations at each temporal sample. Go might underestimate the population genetic diversity for two reasons. First, as mentioned before, Go is based on a limited number of loci and thus our multilocus genotypes are likely to harbour additional genetic variation. Second, sample size will also determine a maximum Go attainable, and therefore a correlation between sample size and Go is expected. This correlation can be taken into account if the observed Go is compared to the expectation under Hardy-Weinberg equilibrium for a sample of equal size. To estimate the expected genotypic diversity in a sample from a population in equilibrium (Ge), we used a BASIC programme developed by M. Serra (for details see Gómez & Carvalho 2000) . This program performs Monte Carlo simulations following the general procedure of Hoffmann (1986) and obtains an estimated distribution of the expected genotypic diversity from 1000 simulated runs. The expected genotypic diversity so computed is affected by the same biases as Go, allowing a direct comparison between the two. The observed and the expected distributions were compared and the level of significance was set at 5 % using the Ge distribution obtained in the simulations.
We used two methods to estimate the expected genotypic diversity. First, we generated the expected genotypic diversity for a population temporal sample from the allele frequencies observed in that given sample (Get). This procedure is very conservative and only in extreme cases produces significant departures from the expected values, as the allele frequencies in the correspondent sample might also have changed as a result of previous clonal selection. For instance, if a population becomes monomorphic at a given date due to clonal selection, no difference between Get and Go would be found. In the second method, the expected genotypic diversity was created by pooling the allele frequencies observed in a population (Gep). This test is more likely to detect differences because it includes both sampling variation and the potential effects of environmental variation influencing MLG frequencies through time. Notice that differ-ences in Gep in a population between dates are still possible due to a sample size effect.
Whenever significance was assigned to multiple tests, the sequential Bonferroni technique (Rice 1989 ) was used to calculate corrected p-values.
Results

Patterns of average genetic diversity among populations
Estimates of genetic diversity are shown in Table 2 . Although each population presented only two or three polymorphic loci, they contained a range of 11 to 22 clonal groups. Heterozygosity and observed average genotypic diversity were concordant and generally high in B. "Almenara", B. "Tiscar" and B. ibericus, while lower in B. plicatilis.
We found a significant effect of DPP on average genotypic diversity (Go mean ) that was not confounded by a "species" factor (Table 3 ). Fig. 1 shows the negative relationship between genotypic diversity (Go mean ) and allelic diversity (He mean ) with DPP. The correlation is statistically significant for both variables (Fig. 1) .
The range of all environmental variables tended to increase with DPP. However, the positive relation was only significant for temperature (r = 0.672, P = 0.017) and dissolved oxygen concentration (r = 0.796, P = 0.003). 
Patterns of time-specific genetic diversity within populations
In order to analyse how time-specific genetic diversity (Go) departs from expectations at equilibrium, only those populations sampled in at least three consecutive months are included (Fig. 2) . Go did not depart from Get (i. e., equilibrium expectations calculated using the same sample allele frequencies) with only two exceptions: B. plicatilis in TON (December 1998) and B. "Tiscar" in HON at the start of the season (May 1999). Both populations presented lower diversity than expected, probably due to heterozygote deficiencies detected in Pgi (TON) and Pgm (HON) . In contrast, Go showed frequent significant deviations from Gep (i. e, equilibrium expectations calculated from the overall data set). In some cases Go becomes lower than Gep with time, as expected from the hypothesis that genetic diversity is eroded because of a temporally homogeneous selective environment. For example, Go values were lower than expected at the end of the season in B. plicatilis, the species with the longest DPP and did not depart significantly from Gep in B. "Almenara", the species with the shortest DPP ( Fig. 2 A and H, respectively) . However, other patterns were also observed. For instance, although B. ibericus diversity tended to be lower than expected in HOS and HON at the end of the period (Fig. 2 D and E, respectively), this was not significant, and B. "Tiscar" showed Go deviating significantly from Gep in some intermediate samples (lower than expected in HOS and higher than expected in HON, Fig. 2 C and G respectively) . In general, if we divide DPP in three even time-span periods, in no case was genetic diversity higher than expected during the last third of the DPP, while in 16 % of the cases genetic diversity was higher than expected in the other two thirds. Similarly, in 25 % of the cases genetic diversity was lower than expected at the end of the planktonic period (last third), and only in 6 % of the cases was it lower than expected in the other two thirds of the planktonic period.
Discussion
We found a negative correlation between population DPP and genetic diversity in rotifer populations. Cyclical parthenogens, and specially rotifers, have high HON, (F) B. plicatilis in HON, (G) B. "Tiscar" in HON, (H) B. "Almenara" in ALM. Empty circles: observed, time-specific genotypic diversity (Go); filled triangles: expected genotypic diversity from correspondent single-sample frequencies (Get; significance level: + < 0.05); empty squares: expected genotypic diversity from pooling allele frequencies (Gep; significance level: * < 0.05; ** < 0.005).
growth rates and can reach their carrying capacities in a short time. Under these circumstances intraspecific competition and consequently, clonal selection, is likely to be important (Carvalho & Crisp 1987 , De Meester et al. 2006 . Our study is consistent with the hypothesis that rotifer species are exposed to a predominantly temporally-homogeneous selective environment, which favours directional clonal selection and erodes genetic diversity. Accordingly, the longer the period of activity in the water column, the lower the level of genetic diversity a population holds even if its genetic diversity is averaged for the complete period of planktonic activity. The rotifer's physical environment is heterogeneous, as shown by the observed ranges of the environmental parameters that we monitored. However, we conjecture the predominant selective process to be directional, favouring clones that do well in general. The fact that we found a negative association between DPP and the average genetic diversity indicates that the effects of clonal selection have accumulated in a population after many population cycles.
A decrease in population genetic diversity during the course of a growing season has been documented for cyclical parthenogens, including rotifers (Gómez & Carvalho 2000) , daphids (Sunnucks et al. 1997 ) and cladocerans (Lynch 1984 , Carvalho & Crisp 1987 , Tessier et al. 1992 , De Meester et al. 2006 . In Daphnia, the effect of clonal erosion during a growing season can be easily observed by comparing intermittent and permanent populations (De Meester 1996) . In our study, clonal erosion was particularly clear in B. plicatilis at the end of its planktonic phase, resulting in a complete fixation of alleles in TON pond despite high population density (Ortells et al. 2003) .
The observed relationship between DPP and genetic diversity might be due to an erosion of the latter during the year in which our study was performed, or alternatively, it could be due to a historical effect, if the observed DPP for a population was indicative of the typical one that the population had had in the past. While selection on the current studied year would easily affect clonal diversity, its effect on allelic diversity (heterozygosity) is expected to be low. In addition to the loss of clonal diversity, we have also observed a tendency for decreasing allele diversity with increasing DPP. This suggests that the effect of clonal erosion may have been important enough to cause a global genetic diversity decrease in the population regardless the effects in a given growing season. Elimination of alleles from the planktonic population is not effective until the allele has also been lost from the diapausing egg bank, thus preventing a future reintroduction. These considerations suggest that while clonal diversity may change rapidly in short-time periods, allelic diversity should be more conservative and reflect the accumulated historical effects of selection over a number of years.
Although the main conclusion of our analysis is that the selective environment faced by rotifers is dominantly a temporally homogeneous one driving genetic diversity erosion, there are other relevant factors implicated. Significant fluctuations in genetic diversity levels were detected throughout the planktonic periods of all four species. Many of these fluctuations correspond to increases or decreases in the frequency of specific alleles involving more than one sample (data not shown). Therefore, observed fluctuations are unlikely due to a sampling effect. Fluctuations might be due to bouts of diapausing egg hatching, which would introduce new diversity in the water column, or genetic drift during the parthenogenetic phase. However, because population sizes are very large it is unlikely that these processes are major determinants. The level of genetic fluctuation might be dependent on the amount of genetic diversity present in the population at the beginning of the planktonic phase. Diverse populations obviously have the intrinsic ability to fluctuate more than homogeneous populations and in most cases here the population with the highest levels of diversity at the beginning of the planktonic period presented the widest fluctuations over time. Finally, environmental heterogeneity may promote some degree of fluctuating selection on specialist genotypes.
In summary, here we documented a negative effect of the duration of the planktonic period on the genetic diversity of our studied rotifer populations. Due to environmental heterogeneity, genetic diversity levels may fluctuate within one growing season, but an overall effect of clonal erosion may be expected when populations persist long enough in the water column. To analyse the extent of this effect on the long term, the inspection of the resting egg bank composition and its impact on the water column population will be very valuable.
